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Highlights:
 This study compared indigenous Mongol and Mongol-Barga cross-bred sheep  Cross-bred individuals have higher live weight and lower winter weight loss  GHG emission intensity of the two flock types is similar  Management practices also influence live weight gain, weight loss and GHG intensity  Climate-smart breeding programs should also aim to improve management practices Manuscript: Is cross-breeding with indigenous sheep breeds an option for climatesmart agriculture?
Introduction
Livestock support the livelihoods of about 600 million people in developing countries, and make important contributions to food security (Thornton 2010) . The impacts of climate change pose a threat to livestock production and livelihoods (Thornton et al. 2007) .
Livestock also contribute a significant proportion of agricultural greenhouse gas (GHG) emissions, mostly due to ruminant enteric fermentation and emissions in feed production processes (Gerber et al. 2013a) . Climate-smart agriculture aims to improve food security by increasing productivity and producer incomes, strengthening resilience to climate change, and reducing GHG emissions (FAO 2013) . Improved animal genetics has frequently been identified as a climate-smart approach that could increase animal and herd productivity while also improving adaptation to and mitigation of climate change (Hoffmann 2010; Gerber et al. 2013b; Porter et al. 2014) . While the benefits of genetic improvement for achieving these objectives have been well documented in intensive production systems (e.g., Shook 2006; Sosnicki and Newman 2010) , there have been few studies on the effects of breeding with indigenous animal genetic resources in more marginal production systems, where the adaptive traits of indigenous breeds can be expected to play a significant role in supporting resilience to climate change (Thornton et al. 2007 ).
Livestock production contributes about 8% of Mongolia's gross domestic product, and is the main source of livelihoods for about 30% of Mongolian households (Dagvadorj et al. 2014) .
The potential impacts of declining precipitation on grassland productivity, an increase in the number of high temperature days on sheep live weight gain, and an increase in the frequency and severity of severe cold events following summer drought (known as dzud events) are major concerns (Dagvadorj et al. 2014) . The Mongolian government's livestock development and climate change policies are responding to these challenges by aiming to improve livestock productivity and the resilience of livestock production systems to climate change, and by identifying GHG mitigation opportunities that have synergies with sector and adaptation policy objectives (GoM 2010 (GoM , 2011 (GoM , 2015 . While there is no specific national breeding policy, the National Livestock Program provides subsidized credit for establishment of core flocks for the conservation of indigenous breeds, and some local governments have funded herders to purchase breeding animals from these flocks for use in cross-breeding (MIA 2014) .
This study aims to explore the synergies and trade-offs between production, adaptation and mitigation objectives of genetic improvement with indigenous sheep breeds in Mongolia.
Using a unique dataset on the live weights of 990 sheep with two different genetic compositions (indigenous Mongol short-tail sheep and cross-breeds of Mongol short-tail and Barga breed), together with results of household questionnaires on management practices, we examine the contribution of breed to production, adaptation to winter cold, and mitigation of GHG emissions. Live weight of animals is taken as an indicator of productivity. Live weight loss during the winter season is taken as an indicator of adaptation to winter cold. GHG emission per kg live weight sold at the flock level is taken as an indicator of the potential benefits of cross-breeding for the mitigation of global climate change. A statistical modelling approach is used to distinguish the effects of breed from the effects of management practices on sheep live weight and weight loss.
Data and methods

Study area, breeds and management practices
Most Mongolian sheep breeds are fat tail breeds, which store fat in their tails to draw on during the period of energy deficit in winter and spring. In general, Mongolian fat tail sheep breeds can be characterized as short-or wide-tailed. The vast majority of sheep are shorttailed Mongol breed. Nineteen other breeds have been identified, one of which is the Barga breed. Barga sheep are also short-tailed, but have a longer, thinner tail and a longer body, and are valued for their higher live weight and resistance to cold (Binye 2012) . Both breeds are raised primarily for their meat and fat, with wool as a secondary product. Studies report no significant difference in fertility parameters such as lambing rates between the two breeds 
Data collection
Households in Bayan-ovoo were identified whose flocks have a mixture of the Mongol and A structured questionnaire was also used to collect data on household and flock characteristics (i.e., age, sex and years of herding experience of the main shepherd, flock size and structure, numbers and structure of off-take, number of introduced rams), management practices including feeding (i.e., hay, supplement and salt availability), grazing (i.e., number of camp moves and grazing distance in summer-autumn and access to reserve pasture in winter), veterinary healthcare (i.e., use of government-provided vaccinations, treatment for internal parasites and annual total expenditures on veterinary medicines), and parameters used in the estimation of GHG emissions.
Modelling framework for determinants of live weight and weight loss
Data from the survey of sheep and the household survey were used to explore the determinants of autumn live weight and winter-spring live weight loss. A mixed level modelling framework was chosen to control for the influence of household heterogeneity across the sample. A random intercept model, using households as the level-1 nested clusters, was estimated to examine both variance at household level and the influence of explanatory variables on determining sheep live weight in late autumn and weight loss between late autumn and late spring. Categorical variables were set as dummies, using the base outcome class as reference. Estimation was conducted using Stata version 14 (Stata Corp., 2014).
Modelling GHG emissions
The IPCC Tier 2 methods were used to estimate methane (CH 4 ) emissions from enteric fermentation and manure management, direct nitrous oxide (N 2 O) emissions from manure management and pasture deposit and nitrogen (N) losses from volatilization (IPCC 2006) . Consistent with the IPCC guidelines, indirect N losses due to leaching were not estimated, as evaporation greatly exceeds precipitation for most of the year in the study region. For estimation of CH 4 emissions from enteric fermentation, the surveys provided data on live weight and live weight gain at different ages, daily grazing distance, and prevalence of twin births. Digestible energy of typical steppe forage was estimated using data in Sun et al. (2007) . Wool production estimates used data reported in Binye (2012) were tested using a two-tailed t-test (p=0.05).
Results and discussion
Flock characteristics
Fifteen improved flocks and 15 Mongol breed flocks were sampled. In autumn 2014 and spring 2015, the average size of improved flocks was significantly larger than the average size of Mongol breed flocks (Table 1 ). The structure of improved flocks was similar to the structure of Mongol breed flocks. There was little difference in average off-take rates between the two flock types, but off-take from Mongol flocks had a slightly younger age structure than from improved flocks. No rams from improved flocks were sold, which is consistent with the breeding objectives of owners of improved flocks. 
Sheep live weights and winter weight loss
Autumn weight was significantly higher (p<.05) across all sex-age categories for sheep in improved flocks compared to Mongol flocks (data not shown). Winter-spring weight loss was also significantly less (p<.05) for improved flocks versus Mongol flocks across all sex-age categories (Table 2 ). Figure 1 shows the quartiles for live weights in autumn and spring, compared across breed. Starting median weights for sheep in improved flocks were higher, at 55.2 kg, compared to 54 kg for the Mongol breed. For the Mongol breed, median weight loss was higher at 16 kg, compared to about 11 kg for sheep from improved flocks. For both regressions, breed is strongly significant and positive for autumn live weights, and negative for winter-spring weight loss. Consequently, the model predicts that, all other things being equal, an improved breed would have about 4 kg less weight loss compared to the Mongol breed. A Wald test found that in both cases we could strongly reject the null hypothesis that coefficients for breed were both zero (p<0.01). Differences also occur in terms of the physiological state of sheep. Compared to intact males, castrated males would be 4.2 kg heavier and would lose around 2.7 kg less weight. Females were lighter than intact males and, in addition, would expect to lose around 3 kg more than intact males.
Several management variables proved significant in determining weights for both breeds.
Feeding supplements provides a marginal weight increase compared to non-supplemented flocks in the autumn. This effect does not appear to be significant in terms of mitigating weight loss in the winter-spring period, most likely because of the small amounts of feed available to each sheep during this period. Use of government-provided vaccinations is associated with a reduction in the amount of weight loss by around 3 kg compared to those not using these services. When combined with parasite treatment, the magnitude of these effects is larger than the effect of adopting improved breeds.
A longer grazing distance from the campsite is also associated with less weight loss. This is most likely due to improved forage availability and intake in locations further from camp sites, and may reflect differences in shepherding practices among herders. Other variables reflecting grazing practices were not significant. Using medicines to control internal parasites is associated with greater weight loss. However, this variable may be a proxy for the effect of parasitic infection on dictating weight loss, thus requiring the need to use medicine as a reactive step. This effect equates to a loss of around 2 kg per head. Finally, the random part of the equations shows the effect of the random intercept √ and the variance between households √ on weights. This latter variable indicates that the standard deviation between household weights in autumn is 5.16 kg and 3.54 kg in spring, which suggests considerable scope for increasing live weights by improving management at household level.
Most sheep are sold in autumn, although 26%-29% are sold in winter (Table 1) . Since sheep in the study region are sold at a fixed price per kg live weight, higher autumn weights and lower winter-spring loss translate into direct financial benefits of breed adoption for herders.
Lower rates of weight loss may also imply resilience of the benefits of breeding to winter cold. Average daily temperatures from October 2014 to April 2015 were 1.68ºC and 2.59ºC
higher than the long-term average in Sant and Bayan-ovoo, respectively. Thus, these findings cannot be assumed to apply in years with particularly severe or prolonged cold in winter and spring.
GHG emission intensity
Annual GHG emission factors (kg CO 2 e head -1 year -1 ) for sheep of each age/sex class are shown in Table 4 . Comparing across ages, annual emissions per head increase dramatically as age increases. This is mainly due to increased feed intake requirements with live weight and age. Annual emission factors for mature females are generally higher than for males because of additional energy needed for pregnancy and lactation. Comparing across breeds, improved sheep have a significantly higher emission factor for 6 out of the 8 types of sheep compared. This is due to higher feed intake requirements associated with greater average live weight of improved sheep in each age/sex class. However, the annual emission factors for improved sheep in these age-sex classes are about 20% and 14% higher than for comparable Mongol sheep, while the average live weight of these sheep is 14% and 11% higher than for comparable Mongol sheep. Thus, the GHG impact of breeding depends significantly on the age and sex structure of flocks and the off-take rate. Reductions in the average age of sheep raised in flocks of either breed or increases in off-take rate would have significant impacts on the GHG intensity of sheep production.
In our study, methane emissions from enteric fermentation accounted for between 83% and higher annual average live weight in our survey. Our estimates of the GHG intensity of sheep production are also higher than estimates reported in a global study, which assumed a lower global warming potential for methane, lower weights and higher off-take rates than in our study (Gerber et al. 2013a) . Sensitivity analysis showed that the IPCC (2006) enteric fermentation model is most sensitive to the digestibility of feed, the methane conversion factor (Ym), weight, and a coefficient relating metabolic live weight to net energy requirements for maintenance (Cf i ). Of these variables, field data was only available for weight. Further studies are required in Mongolian conditions to determine appropriate values of other sensitive parameters in the Tier 2 enteric fermentation model.
Conclusion
Climate-smart agriculture aims to improve economic outcomes for producers, while promoting both adaptation to and mitigation of climate change (FAO 2013) . This case study from Mongolia suggests that breeding with indigenous sheep can be a climate smart agriculture option. Barga-Mongol cross-breeds have a higher weight at a given age than Mongol sheep, both in autumn and the end of the winter-spring period. This implies financial benefits for herders and resilience of the improved breed to winter cold. There was no significant difference in the GHG emission intensity of sheep production at the flock level, indicating that production benefits could be achieved without increased impacts on global climate change. The study was undertaken in a year with above average winter-spring temperatures, so these results cannot be taken to apply to years with severe and prolonged cold in winter-spring. Furthermore, the results may not apply to other indigenous breeds with different adaptive traits and growth characteristics.
Live weight and live weight gain are key determinants of the benefits of cross-breeding identified in this study. However, breed is not the only factor influencing live weight. In particular, animal health practices, herders' daily grazing management practices, and to a lesser extent the availability of supplementary feed, were identified as management variables that also impact on weight and weight loss. This suggests that programmes to promote climate smart practices in extensive grazing systems should consider an integrated approach to improving animal management and marketing, rather than promoting single practices, such as cross-breeding with indigenous breeds.
